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Abstract
The process of nanocrystalline structure formation during mechanical milling was studied in Cu powders. A detailed
microstructural study of powder samples was carried out by X-ray diffraction experiments as a function of milling time. As a
result, nanosized powders have been synthesized with microstructures showing a significant decrease of the coherent diffraction
domains and the creation of a large number of linear defects, which induce microstrains. SEM results show that welding of very
small particles to the surfaces of larger particles occurred and that the powder particles tended to form a matrix of randomly
welded thin layers of highly deformed particles.
© 2009 Elsevier B.V.
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1. Introduction
Nowadays, high energy mechanical milling has achieved widespread application in several research fields as a
tool for producing metastable and nanocrystalline phases, i.e., materials with crystallite sizes of a few or tens of
nanometers [1-8]. Nanostructured materials, therefore, have a significant fraction of atoms residing in defect
environments (grain boundaries, dislocation cells, interfaces, interphases and triple junctions). The volume fraction
associated with grain boundaries is for instance ~20% for a grain boundary thickness of ~0.7nm [1] and a grain size
of 10 nm. Therefore, nanostructured materials exhibit some unique properties compared to those of coarse-grained
polycrystalline materials. So, the investigation of their thermal and microstructural properties is of great interest.
Recently, significant melting-point depressions have been reported for nanocrystalline materials prepared by
mechanical milling technique. The phenomenon is supported by different models and molecular dynamics
simulations [9-10]. On the other hand, the final crystallite size in FCC metals is determined by the competition
between the level of stress produced by milling device, and the degree of dynamic recovery in the milled material
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[8,11]. Moreover, it has been reported that the physical properties, and in particular the magnetic ones, of
nanocrystalline materials differ from bulk samples in many ferromagnetic materials [12].
During the powder milling process, the changes in X-ray diffraction peak shape are related to microstructural
changes. The experimental line broadening is the result of three contributions, which are the crystallite size, lattice
strains and the instrumental effects [13].
Several techniques, such as the Williamson-Hall [14] and Halder-Wagner methods [13], among others, are used
to determine the grain size and the equivalent strain. The studies of the grain size refinement, identified on the basis
of the microstructure and particle size studies, reported that plastic deformation, fracture and cold welding of
powder particles were the three principle mechanisms which operate during mechanical milling [3,5,11].
The aim of the present work was to study the nanocrystalline structure formation in Cu powder treated with high
energy mechanical milling. To this end, the milled powders were characterized, after different processing times, by
using X-ray diffraction (XRD) peak broadening, and the scanning electron microscopy (SEM).
2. Experimental procedure
Purity Cu (99.99 %) copper was prepared by filing. The starting particles were less than 300 μm in size. The
powder was subsequently annealed at 573 K for 24h under a low pressure of purified argon to remove the
introduced strains during filling process and to ensure homogeneous structure before mechanical milling.
The Cu-based powders are introduced into a cylindrical iron container loaded with one agate vial. The wall of the
container is also sealed with agate in order to avoid the effects of contamination with elements from the apparatus,
notably iron [14]. This specific machine exhibits the same physical characteristics as the pulverisette 9. Typical
masses of materials are 10g. Milling proceeds with a stationary speed of rotation automatically fixed. In order to
avoid the formation of some intermetallic fractions and the heating by milling, the duration of the process is fixed by
an electronic regulator and is on 15 min .
X-ray diffraction was performed on a wide angle diffractometer in the θ-2θ step scan mode by using Cu-Kα
radiation (λ=0.15406 nm). Scans were collected over a 2θ range of 30-130°. A small angular steps of 2θ=0.02° and
fixed counting times of 4s were taken to measure the intensity of each Bragg reflections. Profile analysis and
quantitative treatments were performed using standard software, “winPLOTR”, using pseudo-Voigt functions.
Crystallite size and lattice distortions yield to line broadening with different dependencies on diffraction angle θ.
Thus the total line broadening β can be expressed as [15]:
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Where D is the crystallite size and ε is the rms-strain. The first term in the right-hand part of equation (1) is the
size contribution and the second term is the lattice distortion one. If the peak broadening is due solely to a finite
crystallite size, it is assumed that:
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With k is close to 1 [16]; this is known as the Scherrer equation [17]. Langford [18] (using the Halder-Wagner
approximation [17]) has assumed that the integral breadth is Voigtian. In this case;
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Where * = (.cos)/ and d*= (d.sin)/);  is the Bragg angle and  is the wavelength used from Eq. (2), the
intercept of the plot of (β*/d*)2 versus β*/(d*)2 gives the value of the equivalent lattice strain and the slope gives the
crystallite size.
The experimental measured breadth (e) was corrected for the peak breadth (i) from the instrument alone by
using the relation (3):
 = [(e2 – i2)1/2 ×(e– i)]1/2 (4)
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i was taken as the breadth of the same refection for the Cu powders annealed at 650°C for 6h.
The lattice parameter of the powder before and after milling was obtained from a linear regression analysis of the
measured lattice parameter, obtained from each peak, plotted against the Nilson-Reley function [19]:
NR = (cos2/sin + cos2/)/2 (5)
and extrapolated to NR = 0, i.e. 2 = 180°.
In addition, to evaluate morphological evolution of the powder which may occur during milling, Scanning
Electron Microscopy (SEM) was used to characterize the microstructure of the powder milled for 10 hours (the
maximum milling duration).
3. Results and discussion
3.1. X-Ray diffraction analysis
The XRD spectra corresponding to unmilled and milled samples are shown in Fig. 1, The latter contains (111),
(200), (220), (311) and (222) Bragg reflections, the decrease in intensity and the broadening of the diffraction peaks
can be explained in terms of the microstructural refinement and microstrain generated by the intense plastic
deformation developed in the samples during milling. To remove the instrumentals effect we used the sample of
copper annealed at 573 K for 24h. Fig. 2 shows typical X-ray peak broadening of the most intense reflections the
progressive broadening of the peaks with milling time is clearly observed. In addition, the examination of diffraction
patterns during milling shows that peaks are shifted to low θ values, this can be explain by the creation of stacking
faults by intensive deformation and to the change of lattice parameter during milling.
Fig. 1. X-ray diffraction patterns of unmilled and milled powders
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Fig. 2. profile of the (111) peak(2a)and (200) peak(2b) Bragg reflections as a function of milling times.
Typical Halder-Wagner plots are presented for different milling times in fig. 3. As shown, (β*/d*)2 increases
linearly with β*/(d*)2 and there is a non-zero intercept for all reflections. Consequently, the crystallite exhibits a
spherical shape and isotropic behavior in terms of both sizes and microstrains [19] .In addition, the non zero
intercept increases with milling time, indicating a measurable crystallite size effect which decreases with milling and
appreciable microstrains values.
Fig. 3. Halder-Wagner plots of Cu for the different times of milling
The values of crystallite size and microstrains calculated from Langford plots are reported in Fig. 4. The
crystallite size decreases and reaching after 10h of milling a value of 20 nm, while the microstrains increases to a
value of about 0.7% after 10h of milling. The low crystallite size in this FCC metals is explained by the competition
between the levels of stress produced by milling device, and the degree of dynamic recovery in the milled materials
[8, 11].
For metallic powders, it is believed that fracturing and cold welding are not the major mechanism for the grain
size reduction [8]. Instead, the grain size reduction is due to localization of plastic deformation in the form of shear
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bands containing a high density of dislocations, formation of subgrains or cells by annihilation of dislocations and
the conversion of subgrains/cells into grains through mechanically driven grain rotation and subgrain boundary
sliding.
Fig. 4. Structure parameters in the investigated powders as a function of milling times
fig. 5 shows the variation of the lattice parameter against milling time. The increase of the lattice parameter is
probably caused by the grain expansion due to the increase in the density of dislocations with their characteristic
strain fields, whereas the decrease of this parameter should arise from the grain compression due to the presence of
compressive stress fields within the nonequilibrium grain boundaries inside of crystallites and, as result, causes a
decrease in the lattice parameter [20]. Moreover, this decrease in the lattice parameter could be assumed to be due to
the oxidation of the finite Cu grains which accelerates their fracture. Then, a steep slow increase occurs followed by
saturation due to accumulated strain hardening of the powder material during longer milling times.
Fig. 5. Evolution of lattice parameter for Cu powder as a function of milling times.
3.2. Microscopic Observations: SEM
Fig. 6 present typical SEM images showing the variations in particle shape and size in studied Cu powder before
and with increasing milling time, the unmilled powder particles were found to be nearly oblate ellipsoidal
morphology. The Cu particles milled for 2h were found to be ellipsoids or flattened because of the strong plastic
deformation that had occurred (Fig. 6b). As pointed above, further milling leads to further plastic deformation,
accompanied by particle fracture. Then, for extended milling time (8h and 10h), welding of very small particles to
the surfaces of big particles occurred and the powder particles tended to form a matrix of randomly welded thin
layers of highly deformed particles (Fig. 6c and 6d).
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Fig. 6. SEM-micrographs of powders milled for different times: 0h (a), 2h (b),8h (c), 10h (d).
4. Conclusion
Mechanical milling synthesis procedure generates an important amount of internal microstrain in the copper
sample. As a result a crystallite size of 20 nm was obtained after10 h of milling. X – ray diffractions lines showed an
important broadening accompanied with a decreasing of the intensities due the creation of a large number of linear
defects as a function of milling times, this can explain the variation of lattice parameter and the shape particles
powders.
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